Small immunoproteins (SIPs) are single-chain molecules comprising the variable regions of an antibody assembled in a single polypeptide (scFv) and joined to the immunoglobulin heavy-chain dimerizing domain. To investigate the potential of these molecules to provide protection against enteric infections when supplied orally, SIPs were generated against Transmissible gastroenteritis virus (TGEV), a highly pathogenic porcine virus. Different variants of TGEV-specific SIPs were created, of e and a isotypes, by exploiting the dimerizing domains eCH4 and aCH3 of human and swine origin. Transfected cells secreted these recombinant mini-antibodies efficiently, mainly as dimers stabilized covalently by inter-chain disulphide bridges. The specificity and functionality of the recombinant TGEV-specific SIPs were determined by in vitro binding, neutralization and infection-interference assays. The neutralization indices of the TGEV-specific SIPs were all very similar to that of the original TGEV-specific mAb, thus confirming that the immunological properties have been preserved in the recombinant SIPs. In vivo protection experiments on newborn piglets have, in addition, demonstrated a strong reduction of virus titre in infected tissues of animals treated orally with TGEV-specific SIPs. It has therefore been demonstrated that it is possible to confer passive immunization to newborn pigs by feeding them with recombinant SIPs.
INTRODUCTION
Transmissible gastroenteritis virus (TGEV) is a positivestrand RNA virus of the family Coronaviridae, infecting both enteric and respiratory tissues of pigs and causing a mortality rate close to 100 % when newborn pigs are infected (Enjuanes & Van der Zeijst, 1995) . TGEV structure includes four structural proteins: three of them, the spike (S), the membrane (M) and the envelope (E) proteins, are embedded in the virus envelope, whilst the nucleoprotein (N) binds to the RNA genome to constitute the nucleocapsid (Escors et al., 2001) . The major antigenic sites of TGEV involved in the induction of virus-neutralizing antibodies are located in the globular portion of the S protein Gebauer et al., 1991) .
Investigations into the mechanisms of TGEV neutralization (Suñé et al., 1990) and of antigenic and genetic variability (Jiménez et al., 1986; Sánchez et al., 1990 Sánchez et al., , 1992 have led to the identification of an S protein-specific mouse monoclonal antibody (mAb), 6A.C3, that neutralized all TGEV isolates tested, as well as TGEV-related coronaviruses infecting other animal species such as dogs and cats. mAb 6A.C3 recognizes a complex, conformation-and glycosylation-dependent antigenic determinant that appears to be essential for virus replication, as no neutralization-escape mutants (mar mutants) were found when it was employed in the selection of resistant mutants (Gebauer et al., 1991) .
Passive immunization has proved effective in protecting piglets against infection. Lactation from immune sows, as well as oral administration of serum from immunized animals, confers protection against challenge by virulent 3These authors contributed equally to this work.
virus (Torres et al., 1995) . Transgenic mice secreting TGEVneutralizing chimeric human or porcine recombinant antibodies with IgG or IgA isotypes, derived from mAb 6A.C3, in their milk have been obtained Sola et al., 1998) . Chimeric IgA antibodies have been demonstrated to neutralize virus infectivity more efficiently than recombinant IgG with the same specificity in in vitro neutralization assays, probably because of the tetravalent nature of secretory IgAs . In addition, the IgA isotype is found naturally in mucosal secretions, where it is particularly stable and resistant to proteolytic degradation.
Chimeric antibodies, although efficient in protecting against virus infections, are nevertheless difficult to generate, as their production involves the engineering of two transcriptional units, encoding immunoglobulin heavy and light chains. Single-chain fragments (scFv), obtained by joining the light-and heavy-chain variable regions (V L and V H ) from a mAb, reconstitute the original V L -V H association and retain the binding specificity of the original mAb in a single polypeptide (Winter & Milstein, 1991) . To improve the affinity of monovalent scFv, dimeric single-chain miniantibody molecules, named minibodies or SIPs (small immunoproteins), have been generated by connecting an scFv to the dimerizing domain of immunoglobulin heavy chains. These recombinant proteins are efficiently assembled and secreted in dimeric form by mammalian cells (Hu et al., 1996; Li et al., 1997; Borsi et al., 2002; Occhino et al., 2004) . It has been demonstrated that scFv multimerization results in an increase of the apparent affinity (avidity) through an overall increase in valency (Pack et al., 1995) .
SIPs are very attractive molecules for both diagnostic and therapeutic purposes, because in vivo they exhibit higher tissue penetration than full-length antibodies, whilst at the same time showing a slower clearance than scFvs (Borsi et al., 2002) .
In this report, we applied SIP technology to the TGEVneutralizing mAb 6A.C3 to generate stable and easily produced TGEV-specific mini-antibodies of e and a isotypes, by exploiting the dimerizing domains eCH4 and aCH3 of human and swine origin. A chimeric human IgA with the same specificity was also produced to compare its in vitro and in vivo efficacy with that of SIPs. Here, we show that passive immunization can be achieved by oral administration of TGEV-specific SIPs, resulting in significant protection against TGEV infection.
METHODS
Cells and viruses. Non-secretory mouse myeloma (Sp2/0-Ag14), Chinese hamster ovary (CHO) and swine testis (ST) cells were obtained from the ATCC. Sp2/0 cells were cultured in RPMI 1640 medium (Invitrogen) supplemented with 10 % fetal calf serum (FCS) and 1 mM sodium pyruvate. CHO cells were grown in alpha minimal essential medium (Invitrogen) supplemented with 10 % FCS, 40 mM deoxynucleosides and 40 mM ribonucleosides. ST cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FCS. Baby hamster kidney (BHK-21) cells transformed stably with the gene encoding the TGEV cellular receptor aminopeptidase N (BHK-pAPN) (Delmas et al., 1995) were grown in DMEM supplemented with 5 % FCS and 1.5 mg G-418 ml 21 (Geneticin; Invitrogen) as a selection agent. The TGEV strain PUR46-MAD (Sánchez et al., 1990) and the related, more virulent strain PUR46-SW11-ST2-C11 (Sánchez et al., 1999) were grown and titrated by plaque formation on ST cells as described previously (Jiménez et al., 1986) .
Construction of vectors for recombinant TGEV-specific antibody expression. To generate TGEV-specific SIPs, mAb 6A.C3 V L and V H genes were amplified by PCR from the previously described vectors pIN-SLC6A and pIN-SHC6A with primer pairs 6A.C3-VL-ApaLI (59-ACAGGTGTGCACTCGGACATTGTG-ATGACC)/6A.C3-VL-SpeI (59-CTACCACTAGTGCTGCCTTTTAT-TTCCAGTTTGG) and 6A.C3-VH-XhoI (59-ATCCTCGAGCAA-AGGAGAGGTTCAGCTGCAGCA)/6A.C3-VH-BspEI (59-AGTTCC-GGAGGAGACTGTGAGAGTGGT), respectively. The amplified fragments were assembled in the pUT-eSIP vector (Borsi et al., 2002) , which provides the V L -V H unit with a sequence encoding a secretion signal, the hydrophobic leader peptide required for secretion of proteins in the extracellular medium (Li et al., 1997) , and contains sequences encoding an 18 aa linker (to join V L with V H ) and the CH4 domain of human IgE secretory isoform IgE-S2 (e S2 CH4) (Batista et al., 1996) . The resulting 6A.C3-eSIP gene (Fig. 1a ) was then excised with HindIII/EcoRI and inserted in the eukaryotic expression vector pcDNA3 (Invitrogen), under the control of the cytomegalovirus (CMV) promoter, to yield the construct pcDNA-6A.C3-hueSIP. Plasmids pcDNA-6A.C3-hu-aSIP and pcDNA-6A.C3-sw-aSIP were obtained from pcDNA-6A.C3-hu-eSIP after substituting the BspEI-EcoRI fragment containing the e S2 CH4 coding sequence with fragments encoding the human and swine IgA1 CH3 domains (huaCH3 and sw-aCH3), respectively. Human aCH3 cDNA was generated by RT-PCR amplification from human lymphocyte mRNA with primers 5A1 (59-TACTCCGGAGGCTCTGGCGGAAACA-CATTCCGGCCCGA) and 3AS (59-TCTGAATTCTCAGTAGCA-GGTGCCGTCCA). Swine aCH3 cDNA was amplified from plasmid pIN-SHC6A with primers sw5A1 (59-TATT-CCGGAGGCTCTGGCGTGAACACGTTCCGGCCCCA) and sw3AS (59-TCTGAATTCTCAGTAGCAGATGCCCTCTGCCT).
To prepare the complete chimeric 6A.C3 IgA, the human a1 heavychain constant region cDNA was amplified by RT-PCR from human lymphocyte mRNA with primers hIgA1-Nhe/Hind (59-TCTA-AGCTTCTCTGCTAGCCCGACCAGCCCCAA) and hIgA1-EcoRI (59-TCTGAATTCTCAGTAGCAGGTGCCGTCCACCT) and inserted into the pcDNA3 expression vector (Invitrogen), cut at HindIII/EcoRI restriction sites, to generate the vector pcDNA-hu-Ca. The 6A.C3 V H gene was amplified with primers 6A.C3-VH-ApaLI (59-TCTTGTGCACTCTGAGGTGCAGCTGCAGCA) and 6A.C3-VHNhe/Xba (59-AATTCTAGAAGGGCTAGCGGAGCTCACTGTGAGA-GT) and provided with the secretion signal-encoding sequence by inserting it in the vector pUT-SEC (Li et al., 1997) , cut with ApaLI/XbaI restriction endonucleases. From the resulting pUT-SEC-6A.C3-VH plasmid, a HindIII/NheI fragment was excised and cloned into the vector pcDNA-hu-Ca to generate the plasmid pcDNA-6A.C3-hu-Ca. For light-chain preparation, the 6A.C3 V L -encoding fragment was amplified with the already-described primer 6A.C3-VL-ApaLI and primer 6A.C3-VL-BsiWI (59-TTCCGTACGTTTTATTTCCAGTTT-GGTCC) and inserted in the previously described vector pUT-SEChu-Ck (Borsi et al., 2002) , containing the secretion sequence and the human k constant region cDNA, cut at ApaLI/BsiWI sites. The complete chimeric 6A.C3 light-chain gene was then excised by HindIII/ XhoI digestion and cloned into the expression vector pCMV2D (Borsi et al., 2002) to generate the plasmid pCMV2D-6A.C3-hu-Ck. Equimolar amounts of both plasmids pcDNA-6A.C3-hu-Ca and pCMV2D-6A.C3-hu-Ck were used to co-transfect Sp2/0 cells.
Cell transfection. SIP constructs were expressed in both Sp2/0 and CHO cells. About 10 mg BglII-linearized plasmids and 1610 6 cells were used for each transfection. Cells were resuspended in 0.7 ml cold PBS [10.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 137 mM NaCl, 3 mM KCl (pH 7.2)] and electroporated, after the addition of the linearized plasmids, with a Bio-Rad Gene Pulser equipped with a capacitance extender in a 0.4 cm gap cuvette. Sp2/0 cells were pulsed at 960 mF and 250 V and CHO cells at 25 mF and 1000 V. After electroporation, cells were resuspended in 10 ml culture medium and seeded in a 96-well plate. After 24 h, selective medium containing 400 mg G-418 ml 21 (Geneticin; Invitrogen) was added. Selected clones were then screened for the secretion of recombinant proteins by ELISA.
Evaluation of SIPs by ELISA. Polystyrene Maxisorp ELISA plates (Nunc) were coated with goat antibodies, either anti-swine IgA (Serotec), anti-human IgA or anti-human IgE (KPL), for detection of sw-aSIP, hu-aSIP/chimeric IgA or hu-eSIP, respectively, dissolved at 1 mg ml 21 in 50 mM Na 2 CO 3 /NaHCO 3 buffer (pH 9.5). Supernatants from transfected cells were added and incubated for 2 h at room temperature. Serial dilutions of commercial human IgA (Sigma) or human IgE (Chemicon) were used as positive controls. The assay was developed with horseradish peroxidase (HRP)-conjugated antibodies, either anti-swine IgA (Serotec), anti-human IgA, anti-human IgE (KPL) or anti-human k light chain (Dako) to detect sw-aSIP, huaSIP, hu-eSIP or chimeric IgA, respectively. The substrate for peroxidase, TMB (3,39,5,59-tetramethylbenzidine) solution (Sigma), was added and A 450 was read with a microplate reader (Bio-Rad 550).
Western blotting. ELISA-positive supernatants from stably transfected cells were subjected to SDS-PAGE (10 % gel) under reducing or non-reducing conditions (with or without b-mercaptoethanol in the loading buffer), then electroblotted to Immobilon-P PVDF membrane (Millipore). Membranes were blocked with 50 g non-fat dry milk l 21 in PBS containing 0.1 % Tween 20 (PBS/Tween) and incubated with HRP-conjugated anti-swine IgA (Serotec), antihuman IgA or anti-human IgE (KPL) antibodies to detect sw-aSIP, hu-aSIP, chimeric IgA or hu-eSIP, respectively. Membranes were washed extensively with PBS/Tween and incubated with ECL detection reagent (Amersham Biosciences), according to the manufacturer's instruction.
When required, samples were treated with the enzyme PNGase F (peptide N-glycosidase F; New England Biolabs) before SDS-PAGE separation.
ELISA titration and virus neutralization. TGEV-specific SIPs expressed by Sp2/0 or CHO cells were analysed by ELISA, using purified TGEV as the antigen, and virus neutralization following procedures described previously (Correa et al., 1988) . The antibody titre as determined by ELISA was defined as the antibody dilution factor giving a binding to TGEV threefold higher than the background. The neutralization index (NI) was defined as the logarithm of the ratio of the p.f.u. on ST cells after virus incubation in the presence of 50 ml medium or of the indicated antibody solution. The antisera used in ELISA to detect TGEV-specific SIPs were goat antihuman IgE (Nordic), goat anti-human IgA (Pierce) and rabbit antiswine IgA (Bethyl Laboratories). All antisera were diluted 1 : 500 in PBS containing 0.3 % BSA and 0.1 % Tween 20. Bound antibodies were detected with HRP-conjugated rabbit anti-goat (Sigma) or HRP-protein A (Bio-Rad) diluted 1 : 1000. .C3 light and heavy chains, respectively; DD is the dimerizing domain gene, which can be constituted by hu-aCH3, sw-aCH3 or hue S2 CH4 to express hu-aSIP, sw-aSIP or hu-eSIP, respectively. In the sequences of hu-aCH3, sw-aCH3 and hu-e S2 CH4, the cysteines in the carboxy-terminal regions are shown in bold. In the sequences of huaCH3 and sw-aCH3, the N-glycosylation site is also shown in bold. (b) Molecular models of aSIP and eSIP dimers, with the indication of the inter-chain disulphide bridge formed between the dimerizing domains.
Transient expression of TGEV-specific SIPs in BHK-pAPN cells and interference with TGEV infection. BHK-pAPN (8610 5 ) cells were transfected with 5 mg pcDNA-6A.C3-hu-aSIP, pcDNA-6A.C3-hu-eSIP, pcDNA-6A.C3-sw-aSIP or plasmids encoding isotype-matching SIPs of irrelevant specificity, and 10 ml Lipofectamine 2000 (Invitrogen) according to the manufacturer's specifications. Twenty-four hours after transfection, cells were infected with TGEV PUR46-MAD at an m.o.i. of 0.5. After 1 h virus adsorption, the inoculum was replaced with culture medium at 37 uC. Supernatants from infected cells were analysed for virus titre at 0, 3, 18, 24 and 48 h post-infection (p.i.).
In vivo protection assays. Two-day-old newborn piglets at the beginning of the experiment, which were obtained from sows that tested seronegative for TGEV and porcine respiratory coronavirus, were used in the immune-protection assays. The animals were treated three times per day with 4 ml cell-culture supernatant containing the different TGEV-specific SIPs or an sw-aSIP with an irrelevant specificity as a negative control, diluted in milk. As a positive control, 0.4 ml ascitic fluid from the original mAb 6A.C3, also diluted in milk, was administered. With the first SIP administration, piglets were also infected with the virulent TGEV strain PUR46-SW11-ST2-C11 at 10 7 p.f.u. per animal, diluted in the same solution of SIP in milk. Four animals were tested with each construct. For a deeper characterization of passive protection provided in vivo by TGEV-specific SIPs, 6A.C3 sw-aSIP and the negative control swaSIP were administered to three additional groups of three piglets each, according to three different procedures: on day 0, the first dose of SIP-containing supernatant was administered 6 h before (A), at the same time as (B) or 6 h after (C) virus challenge. In the A and B situations, a new dose of SIP was also administered on day 0, 6 h after virus inoculation. In the following 2 days (days 1 and 2 p.i.), a dose of SIP was administered three times per day to the piglets. At 3 days p.i., piglets were sacrificed and virus titres were evaluated in gut and lung tissues, as p.f.u. (g tissue) 21 on ST cells.
Protection against TGEV infection was expressed as reduction in virus titre, corresponding to the ratio of the p.f.u. obtained after administering the negative-control SIP to those obtained when the SIP-6A.C3 mini-antibodies were administered.
RESULTS

Construction and expression of human and swine TGEV-specific SIPs
The DNA segments encoding the variable regions of the light and heavy chains of mAb 6A.C3 were assembled into an scFv gene in the V L -V H orientation. Downstream of this, cDNAs of either the human or swine aCH3 domains (hu-aCH3 and sw-aCH3) or the human e S2 CH4 domain (hu-e S2 CH4) (Batista et al., 1996) were inserted, separated by a short linker of 4 aa (GGSG, Fig. 1 ). All constructs contained at the 59 end a secretion signal-encoding sequence and they were finally assembled into a eukaryotic expression vector under the control of the CMV promoter.
Human e S2 CH4 was chosen because it contains a cysteine residue at its carboxy terminus (Fig. 1a) . It has already been demonstrated that eSIP dimers are stabilized covalently by disulphide bridges between these two carboxy-terminal cysteines (Borsi et al., 2002) . Both hu-aCH3 and sw-aCH3 contain cysteine residues at the penultimate position before the carboxy terminus; it is therefore expected that aSIPs also form covalent dimers through inter-chain disulphide-bond formation (Fig. 1b ).
SIPs were produced by transfection of CHO and Sp2/0 cells. Both cell lines expressed recombinant SIPs with high efficiency and clones producing up to 10 mg ml 21 were obtained. No significant differences in expression level were found among the different SIP isotypes.
As a control, a chimeric human IgA with the same specificity was generated by inserting the 6A.C3 V L and V H genes into expression vectors containing the human k light-chain and a heavy-chain constant-region cDNAs. These plasmids were then co-transfected into Sp2/0 cells and clones expressing complete IgAs were selected.
Biochemical properties of TGEV-specific SIPs
The TGEV-specific SIPs were analysed by SDS-PAGE followed by Western blotting. As expected, the hu-eSIP showed a molecular mass of 40 kDa when analysed under reducing conditions, whilst under non-reducing conditions, it mainly migrated as a dimer of 80 kDa (Fig. 2a) , because of the inter-chain disulphide-bridge formation between the carboxy-terminal cysteine residues of the hu-e S2 CH4 domain. hu-aSIP and sw-aSIP also migrated mainly as dimers under non-reducing conditions (Fig. 2a) . This indicates that inter-chain disulphide bonds are also formed between cysteine residues located in the carboxyterminal tails of human and swine aCH3 domains.
The monomers of hu-aSIP and sw-aSIP showed molecular masses slightly higher than the expected 42 kDa, due to the presence of an N-glycosylation site in the sequences of both hu-aCH3 and sw-aCH3 domains (Fig. 1a) . Indeed, treatment of hu-aSIP and sw-aSIP with the enzyme PNGase F, which removes all N-linked oligosaccharides from Nglycosylated proteins, produced a clear shift in the mobilities of both monomeric and dimeric aSIPs (Fig. 2b) . In reducing SDS-PAGE, the chimeric human IgA showed the expected two bands of 28 and 62 kDa for the light and heavy chains, respectively (Fig. 2a) .
Functional analysis of TGEV-specific SIPs
The functionality of TGEV-specific SIPs, expressed stably by both CHO and SP2/0 mammalian cells, was analysed by ELISA on virus-coated plate, and virus-neutralization assays.
The secreted chimeric human IgA and SIPs (hu-aSIP, hueSIP and sw-aSIP) showed good binding affinities for TGEV, as their ELISA-determined titres (i.e. the highest dilution giving a threefold increase over background) were all around 10 3 (Table 1 ).
All SIPs and the chimeric IgA showed a strong reduction of virus infectivity on ST cells, up to >10 4 -fold (NI over 4 logarithmic units), whilst no neutralization was observed with the SIP of irrelevant specificity (Table 1) . Virusneutralizing activity was TGEV-specific, as the unrelated Vesicular stomatitis virus (VSV) was not neutralized by the chimeric 6A.C3 antibodies (data not shown).
No differences in activity were observed between TGEVspecific hu-aSIP expressed in epithelial CHO cells or in myeloma Sp2/0 cells. Moreover, no significant differences in binding or neutralizing activity were observed between SIPs with different isotypes of human and swine origin. In addition, both binding and neutralizing activities were similar to those observed for the complete human IgA with the specificity of mAb 6A.C3, suggesting that the apparent affinity of the original antibody has not changed significantly in SIP mini-antibodies.
Interference with TGEV infection in BHK-pAPN cells transiently expressing TGEV-specific SIPs
BHK-pAPN cells (Delmas et al., 1995) stably express porcine aminopeptidase N, the cellular receptor for TGEV (Delmas et al., 1992) , and are therefore susceptible to TGEV infection. These cells were transfected with either TGEV-specific SIPs or SIPs with similar isotype and antigenically irrelevant specificity and then infected with TGEV (m.o.i. 0.5). Cells expressing TGEV-specific SIPs were resistant to TGEV infection, as no cytopathic effect was observed at 48 h p.i., whereas cell monolayers expressing the irrelevant SIPs were lysed almost completely (Fig. 3a) . The protection experiment was not continued for a longer time period because BHK-pAPN cells detach from culture plates after reaching confluence. The virus titre in the supernatants of infected cells was evaluated at 24 h p.i., as maximum virus titres are reached at this time point during infection of BHK cells by TGEV. A strong reduction in virus titre (10 5 -to 10 6 -fold) was observed in the supernatants of cells expressing TGEVspecific SIPs, in comparison with cell cultures producing SIPs with irrelevant specificity (Fig. 3b) . The decrease in infectivity was specific, as cells expressing an irrelevant SIP synthesized TGEV efficiently. Extracellular neutralization is likely to be responsible for the strong decrease in virus production, as only about 20 % of the cells became transfected and secreted TGEV-specific SIPs into the medium, protecting the whole cell culture against infection.
In vivo protection of newborn piglets against TGEV infection
The efficacy of TGEV-specific SIPs in conferring passive immunization was assayed in vivo by administering SIPcontaining supernatants orally to newborn piglets, challenged at the same time with TGEV (10 7 p.f.u. per animal). Piglets were administered with TGEV-specific SIPs for 3 days after infection. Each antibody dose administered to piglets consisted of 4 ml SIP-containing supernatant, with an NI of around 4 (Table 1) . From in vitro neutralization experiments, it has been calculated that this amount of antibody solution can neutralize approximately 10 6 p.f.u., only about 10 % of the viral load administered. In all analysed cases, in fact, the infectivity of the virus inoculum after mixing with the antibody was always higher than 10 4.5 p.f.u., the lethal dose 50 (LD 50 ) estimated for TGEV in newborn animals (L. Enjuanes, unpublished results). As a positive control, 0.4 ml mAb 6A.C3 ascitic fluid, with an NI higher than 5, was administered.
Previous results from our laboratory have shown that production of virus in piglets reached a maximum between days 2 and 4 p.i. (Sánchez et al., 1999) . Therefore, it was decided to evaluate the potential production of virus within the animals at the plateau, i.e. at day 3 p.i., by determining virus titres in the gut and lung, which constitute the two main target organs of the virus. A clear reduction in virus titre was observed in both lung and gut tissues when compared with virus produced in animals administered with SIPs of irrelevant specificity (Fig. 4) . Virus-titre reduction was always of at least 12-fold and it reached a maximum of 10 6 -fold with eSIP in lung, comparable to what was obtained with the original full-length mAb 6A.C3. Histopathological analysis of tissues from sacrificed animals showed that the most relevant signs of TGEV infection, i.e. atrophy of intestinal villi and interstitial pneumonia (measured as alveolar-wall thickening and the presence of exudates containing leukocytes), were absent from animals treated with TGEV-specific SIPs or the control mAb 6A.C3. Only mild pulmonary lesions were observed in one piglet treated with hu-aSIP-6A.C3, in which a lower reduction in TGEV titre was detected. In contrast, control piglets infected with TGEV in the absence of antibody or treated with the antigenically irrelevant SIP showed signs of interstitial pneumonia and villous atrophy. The extent of immune protection was followed by studying the onset of atrophy of intestinal villi and interstitial pneumonia because these are the most reliable markers of TGEV-induced disease, as opposed to appearance of diarrhoea. This clinical sign is very frequent in TGEV-infected piglets, but it is also a very common episode in newborn animals as a consequence of artificial feeding, obligatory in in vivo experiments.
Effect of SIP-administration timing on the protection of newborn piglets against TGEV challenge
For a deeper characterization of passive protection provided in vivo by TGEV-specific SIPs, sw-aSIP-6AC3 was selected, as its constant region is derived from porcine IgA and it had shown good in vitro neutralization properties (Table 1 ). In addition, IgA is the predominant immunoglobulin isotype in respiratory and enteric mucosa, where protection against TGEV infection is expected. Three time points in the administration of SIPs were evaluated, including administration of the recombinant antibody before, at the same time as or after virus challenge. In all cases, a significant reduction in virus titre, mainly in lung tissues, was observed as a consequence of SIP administration, in comparison either with the administration of a SIP with irrelevant specificity or with the lack of SIP administration (Fig. 5) . In lung tissues, the highest virus reduction (>8610 
DISCUSSION
In order to develop new tools for immune-protection strategies, three different variants of TGEV-specific SIPs were engineered by using mAb 6A.C3 variable region-encoding genes. The first contained the human e S2 CH4, which has already been exploited as a dimerizing domain (Borsi et al., 2002; Occhino et al., 2004) . The other two SIP versions incorporated the aCH3 dimerizing domain from either human or swine IgA. All of these recombinant miniantibodies were secreted successfully from transfected cells, mostly as covalently stabilized dimers, demonstrating that cysteine residues in the carboxy-terminal tails of aCH3 domains can form inter-chain disulphide bonds, as observed previously for eSIPs (Borsi et al., 2002; Occhino et al., 2004) .
The specificity of the recombinant TGEV-specific SIPs was determined by in vitro neutralization and cell-protection assays. The NIs of the TGEV-specific SIPs were very similar to that of the parental 6A.C3 mAb, thus confirming that the biological activity of the TGEV-specific mAb was preserved in the recombinant SIPs. Protection assays against TGEV infection in cell cultures showed that the transient expression of TGEV-neutralizing SIPs reduced virus titres dramatically (up to 10 6 -fold) to undetectable levels. Still, immunofluorescence experiments showed the presence of residual virus antigens in a minor fraction (<0.1 %) of cells (data not shown), suggesting that the presence of neutralizing SIPs in the medium prevented virus propagation in the cell culture until virus infection was extinguished.
In vivo protection experiments have, in addition, demonstrated that it is possible to confer passive immunization to Fig. 4 . In vivo protection of newborn pigs against TGEV infection by SIP-6A.C3 supernatants. Virus titres in lung and gut tissues were evaluated as p.f.u. g "1 after oral administration of SIP-6A.C3-containing supernatants to TGEV-infected newborn piglets. Mean+SD titres from four animals are represented. No Ab, infected piglets to which no antibody was administered. newborn piglets by feeding them with recombinant SIPs diluted in milk. It has been demonstrated previously that SIPs display an extended half-life in the bloodstream when compared with monomeric scFv (Borsi et al., 2002) . Present in vivo results indicate that SIPs are also stable when administered orally and, therefore, that they are sufficiently resistant to the enzymic and pH conditions of the enteric tract. This is especially relevant to validate the efficiency of recombinant SIPs in order to provide protection against enteric infections. In these experiments, no toxic effect related to SIP administration has been observed, suggesting that SIPs are safe molecules for the passive protection of piglets.
Although neutralizing SIPs were administered orally, a significant reduction in virus titre was observed not only in enteric tissues, but also in lungs. This could be due to the prevention of virus shedding, which results in a reduction of virus dissemination by the faecal-oral route. Alternatively, SIPs might prevent the internal distribution of the virus to respiratory organs, because of their high tissue-penetration properties.
In contrast to diarrhoea, histopathological lesions such as interstitial pneumonia and atrophy of intestinal villi are more specific signs associated with TGEV infection. Data from in vivo protection experiments showed that these signs were absent or reduced dramatically in piglets treated with TGEVneutralizing SIPs, whereas they were evident in negativecontrol animals, either infected in the absence of antibody or those to which an irrelevant SIP was administered. The reduction in histopathological lesions correlated with virus titres recovered from lung and gut tissues.
Reduction in virus titre by administration of the positivecontrol mAb 6A.C3 to TGEV-infected piglets was more efficient than that observed after administering the 6A.C3-derived SIPs. This probably reflects a higher stability of the association of V regions, and therefore higher affinity for the antigen, in the full-length antibody compared with the SIPs, in which V regions are in the scFv format. It could also be related to the very high NI (>5) shown by mAb 6A.C3 in cell-culture neutralization assays (Table 1) , which may correspond to an antibody titre higher than estimated.
Cell-culture neutralization assays have shown previously that a significant amount of virus remained infectious after mixing the virus and the SIP (see Results). Therefore, coadministration of virus and SIP still represents the administration of an amount of infectious virus sufficient to cause disease and death in piglets. Furthermore, the detection of virus in lung and gut tissues at day 3 p.i. cannot have its origin in the inoculum administered, because if the virus does not replicate in vivo in the enteric tract, it is cleared out within the first 2 days after inoculation (L. Enjuanes, unpublished results).
In addition, the effect of SIP administration at different time points revealed that efficient protection can also be achieved when virus and antibody are not administered simultaneously, thus ruling out the possibility that the protective effect was due to the in vitro neutralization of virus inoculum. The most efficacious method consisted of the prior administration of neutralizing SIPs in relation to virus challenge, providing a protective environment that prevents TGEV infection.
In general, virus-titre reduction in lung was significantly higher than that detected in gut tissues. Virus replication in intestine cells could be more variable than in pulmonary cells, depending on the age of piglets and the maturation and differentiation status of the organ, as it has been described that cells susceptible to TGEV infection are mostly present in newborn piglets (Enjuanes & Van der Zeijst, 1995) . These differences might explain a higher variability in in vivo results obtained from gut tissues, leading sometimes to a lower virus-titre reduction.
Although a virus-sterilizing protection was not achieved in vivo, virus titres recovered from animal tissues after treatment with TGEV-neutralizing SIPs (<10 4.5 ) were lower than those inducing diarrhoea and death. As the virus doses infecting animals in field conditions are probably lower than those provided experimentally, the present results suggest that passive immunization with neutralizing SIPs might be a potential therapy to protect piglets from TGEV-induced disease under field conditions. Moreover, considering that 2-day-old piglets are the most susceptible animals to TGEV infection, the results obtained in the in vivo assay could anticipate the success of this protection approach in older piglets. In spite of the difficulties of in vivo experiments with piglets, this work provides the proof of principle of protection against virus infection by the oral administration of neutralizing SIPs. Further characterization of this therapeutic approach is in progress.
The transient expression of virus-neutralizing SIPs in mucosal surfaces could be used to provide immediate protection against virus infections that use these areas as the main port of entrance to the body. TGEV-specific SIPs are expressed equally well by myeloma Sp2/0 and epithelial CHO cells, indicating that the DNA constructs could be used to transform epithelial cells at mucosal surfaces for somatic gene therapy. This type of therapy could be of potential benefit to protect non-vaccinated individuals, such as newborn animals. Alternatively, the oral administration of virus-neutralizing SIPs might be particularly relevant when an immediate intervention is required to protect against bacterial or virus infections. For example, this technology could be applied to protect health-care workers against infections by severe acute respiratory syndrome (SARS) coronavirus, for which an efficient vaccine has not yet been obtained.
The easy manipulation of SIP genes makes possible their expression by using a variety of delivery vectors. One interesting possibility is the expression of SIPs in plants to achieve passive immunization upon feeding of animals, in order to develop cost-effective immune-protection strategies.
